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The mechanisms responsible for translational silencing of certain mRNAs in growing oocytes, and for their
awakening during meiotic maturation, are not completely elucidated. We show that binding of a ∼80-kD
protein to a UA-rich element in the 3* UTR of tissue-type plasminogen activator mRNA, a mouse oocyte
mRNA that is translated during meiotic maturation, silences the mRNA in primary oocytes. Translation can
be triggered by injecting a competitor transcript that displaces this silencing factor, without elongation of a
pre-existing short poly(A) tail, the presence of which is mandatory. During meiotic maturation, cytoplasmic
polyadenylation is necessary to maintain a poly(A) tail, but the determining event for translational activation
appears to be the modification or displacement of the silencing factor.
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The progression of gametes through the last steps of
meiosis and the initial stages of embryonic development
requires multiple changes in gene expression. These
changes do not rely on modifications of gene transcrip-
tion, which is at best very limited in mature gametes and
early zygotes. The timely synthesis of developmentally
important products involves the regulated translation of
mRNAs that have accumulated earlier during gameto-
genesis. Translational control is thus a critical feature of
meiotic maturation and early development, and the elu-
cidation of the molecular mechanisms responsible for
this control may also be relevant to a better understand-
ing of the modulation of gene expression in somatic
cells.

In most animal species, fully grown primary oocytes
contain a pool of mRNAs that are stored, stable and un-
translated, in the cytoplasm. The translational activa-
tion of these dormant mRNAs occurs during meiotic
maturation and after fertilization. In contrast, other
mRNAs that are translated before meiotic maturation
are silenced when meiosis resumes. Studies on oocytes
from a variety of species have suggested possible mecha-
nisms for such changes in translation (Curtis et al. 1995;
Richter 1995; Vassalli and Stutz 1995; Wickens et al.
1995; Seydoux 1996; Osborne and Richter 1997; Steb-

bins-Boaz and Richter 1997). The observed changes in
the translational activity of many maternal mRNAs are
associated with changes in the length of their poly(A)
tails: In general, an increase in translation is associated
with poly(A) tail elongation, whereas silencing is corre-
lated with poly(A) tail shortening or removal.

The awakening of many dormant oocyte mRNAs ap-
pears to be controlled by sequences in their 38 UTR.
These cis-acting determinants, which are involved in
both poly(A) tail elongation and translational activation,
include the AAUAAA hexanucleotide that is also recog-
nized by the cleavage and polyadenylation machinery
responsible for processing of nuclear transcripts, and a
more variable U-rich sequence termed the cytoplasmic
polyadenylation element (CPE) (Richter 1995; Osborne
and Richter 1997). Proteins that interact with CPEs and/
or the AAUAAA hexanucleotide have been identified in
Xenopus and mouse oocytes (McGrew and Richter 1990;
Bilger et al. 1994; Hake and Richter 1994; Simon and
Richter 1994; Ballantyne et al. 1995; Gebauer and Rich-
ter 1995, 1996; Stebbins-Boaz et al. 1996; Wu et al. 1997).
Although the determinants involved in cytoplasmic
polyadenylation are progressively being identified, pre-
cisely how this modification affects translation of previ-
ously dormant mRNAs remains elusive.

Another unresolved issue relates to the mechanism of
translational silencing of oocyte mRNAs. This occurs
under two distinct sets of circumstances: A number of
mRNAs translated during oocyte growth and in fully
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grown primary oocytes are silenced during meiotic
maturation (Bachvarova et al. 1985; Paynton et al. 1988;
Fox and Wickens 1990; Varnum and Wormington 1990),
whereas other mRNAs destined to be translated during
meiotic maturation or after fertilization are rendered
dormant around the time of their transcription in the
growing oocyte (Huarte et al. 1992; Robbie et al. 1995).
The shortening of the poly(A) tail of oocyte mRNAs is
invariably coupled with inhibition of their translation.
In growing mouse primary oocytes, newly transcribed
tissue-type plasminogen activator (tPA) mRNA is ini-
tially endowed with the usual long poly(A) tail charac-
teristic of nuclear transcripts, and it subsequently under-
goes poly(A) tail shortening and translational silencing
(Huarte et al. 1992). Until resumption of meiosis, this
mRNA is then stored in the cytoplasm of primary oo-
cytes in a dormant form that is characterized by the pres-
ence of an unusually short poly(A) tail of only 40–60
nucleotides. When meiotic maturation occurs, tPA
mRNA undergoes elongation of it’s poly(A) tail and be-
comes translationally active. Interestingly, the same 38
UTR UA-rich region is required for both deadenylation
and silencing and, together with the canonical AAUAAA
signal, for readenylation and translation of tPA mRNA.
Because both deadenylation and readenylation involve
overlapping sequences, this region has been termed the
adenylation control element (ACE) (Huarte et al. 1992).

Although it is clear that changes in the translational
status of oocyte mRNAs are correlated with changes in
the length of their poly(A) tail, the dormancy of certain
maternal transcripts in fully grown primary oocytes is
intriguing. Several studies have shown that, in general,
mRNAs with a long poly(A) tail are translated with
greater efficiency than those lacking poly(A) (Jacobson
1995), but this effect appears to be most pronounced be-
tween 5 and 32 adenylate residues. Recently, an interac-
tion between poly(A) binding protein (PABP) and yeast
translation initiation factors (eIF-4E or eIF-4G) has been
shown; it could account for the influence of the poly(A)
tail on translation efficiency (Sachs et al. 1997). The
length of the poly(A) tail that remains on dormant oocyte
mRNAs (∼40–50 adenosine residues) should, however, be
sufficient for binding of at least one PABP, and, hence,
for interaction with initiation factors. Thus, maternal
mRNA dormancy may not be accounted for by the
presence of a relatively short poly(A) tail, even for those
mRNAs that undergo partial deadenylation in growing
oocytes and CPE-dependent readenylation and transla-
tion following resumption of meiosis.

The regulation of translation of certain mRNAs has
been shown to be specifically a consequence of protein/
RNA interactions involving the 38 UTR of the transcript,
independent of changes in the poly(A) tail length (Stan-
dart and Jackson 1994; Decker and Parker 1995; Murata
and Wharton 1995). In Xenopus oocytes, for instance,
sequence determinants in the 38 UTR of dormant FGF
receptor-1 mRNA inhibit translation of an injected re-
porter transcript in immature oocytes, a repression that
is released at meiosis without apparent changes in poly-
adenylation of this transcript (Robbie et al. 1995). In ex-

tracts of clam oocytes, ablation of the 38 UTRs of dor-
mant ribonucleotide reductase and cyclin A mRNAs (so
called masked mRNAs) prevents the binding of an 82-kD
protein and leads to their premature translational acti-
vation (unmasking) (Standart et al. 1990). Similar mecha-
nisms could also be involved in the transient silencing of
certain ACE-containing mouse oocyte mRNAs.

Recently, we have shown that sequences in the 38
UTR of dormant tPA mRNA in primary mouse oocytes
are in a masked configuration (Stutz et al. 1997). In-
jection of antisense oligodeoxynucleotides (as-ODNs)
complementary to different parts of the endogenous
transcript revealed two regions that are protected from
hybridization, that is, the ACE and the AAUAAA hexa-
nucleotide. Early on resumption of meiosis, part of the
ACE and the AAUAAA region become accessible to as-
ODN hybridization; this unmasking, which occurs con-
comitantly with the very first stages of poly(A) tail elon-
gation and well before translation can be detected, may
represent the release from a silencing mechanism re-
sponsible for dormancy of tPA mRNA in primary oo-
cytes.

In view of these results, we reasoned that the ACE
may function as a cis-acting silencing determinant in
primary oocytes, and that it might be possible to perturb
such a dormancy mechanism by competitive displace-
ment of a putative trans-acting translational repressor.
We have tested this model in a system that explores the
translational control of an endogenous mRNA in the
context of the live cell. Our results show that masking
mechanisms and poly(A) tail metabolism, previously
considered to be alternative means of modulating pro-
tein synthesis during meiotic maturation, cooperate to
control the translation of a maternal mRNA in mamma-
lian oocytes.

Results

Activation of tPA mRNA translation in meiotically
arrested primary oocytes

In growing oocytes, newly transcribed polyadenylated
tPA mRNA undergoes partial deadenylation and, con-
comitantly, becomes translationally silent (Huarte et al.
1992); both processes require the presence of the ACE in
the 38 UTR (Fig. 1A). Silencing could be a consequence of
the unusually short poly(A) tail; alternatively, dead-
enylation and silencing may be unrelated. Because the
ACE and the AAUAAA regions are protected from as-
ODN hybridization in primary oocytes (Stutz et al.
1997), indicating that they are in a masked configura-
tion, competitive displacement of putative masking fac-
tor(s) might affect the fate of the mRNA. Unlabeled syn-
thetic transcripts (Fig. 1B) corresponding to the ACE [po-
sitions 2401–2442 in tPA cDNA (Rickles et al. 1988)] or
the AAUAAA (tPA-d, positions 2467–2504) regions or to
an upstream sequence in the 38 UTR [tPA-c, positions
2280–2320, a region that is not protected from as-ODN
hybridization (Stutz et al. 1997)], were injected in fully
grown primary oocytes. The oocytes were cultured for 6
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hr in presence of dB-cAMP, to prevent resumption of
meiosis, and translation of tPA mRNA was assessed by
analyzing tPA enzymatic activity in oocyte extracts (Fig.
2A). No tPA was detected in noninjected primary oo-
cytes (lanes 1–3), nor in primary oocytes injected with
transcripts tPA-c (lanes 10–15) or tPA-d (not shown), or
with a poly(U) homopolymer transcript (not shown). In
contrast, ACE-injected primary oocytes were induced to
synthesize the protein, and the effect was related to the
dose of competitor transcript (lanes 4–9); the amount of
tPA was comparable with that in noninjected maturing
oocytes cultured for the same length of time (lanes 16–
18).

Injection of the ACE competitor transcript did not af-
fect the pattern of protein synthesis in primary oocytes
metabolically labeled with [35S]methionine, as deter-
mined by SDS-PAGE and autoradiography (not shown).

Thus, the observed effect on tPA synthesis appears spe-
cific, in that it is neither related to a general increase in
protein synthesis nor accompanied by changes in the
rate of synthesis of other proteins detectable by meta-
bolic labeling. In fully grown primary oocytes, the
nucleus is arrested at the prophase of the first meiotic
division, and transcription is almost completely absent.
However, to verify that the effect of the injected ACE
transcript is caused by translational recruitment of dor-
mant tPA mRNA, and not by translation of newly tran-
scribed mRNA, primary oocytes were injected with the
ACE transcript and incubated for 6 hr in medium con-
taining a-amanitin (10 µg/ml). The presence of this in-
hibitor of transcription did not prevent tPA synthesis in
ACE-injected oocytes (not shown).

We conclude that injection of a synthetic transcript
corresponding to the ACE region of tPA mRNA induces

Figure 1. Schematic representation (not
drawn to scale) of endogenous tPA mRNA
and of different 38-UTR RNA transcripts. (A)
Endogenous tPA mRNA. (Open rectangle)
Coding region; (solid lines) 58 and 38 UTRs;
(oval symbol) ACE region, the sequence of
which is indicated above (three UA-rich se-
quences are boxed). (Solid, vertical rectangle)
Polyadenylation signal (AAUAAA). The
poly(A) tail of ∼40 adenosine residues pres-
ent on tPA mRNA in primary oocytes is in-
dicated [(A)40]. (B) 38 UTR transcripts. Two
different 38-UTR transcripts containing both
the ACE region and the polyadenylation sig-
nal are named tPA-a (479 nucleotides) and
tPA-b (115 nucleotides); ACE (83 nucleo-

tides), tPA-c (83 nucleotides) and tPA-d (80 nucleotides) correspond respectively to the ACE region detailed in A (plus vector-derived
58 and 38 sequences) and to two regions flanking the ACE; tPA-d encompasses the polyadenylation signal. Actin and Globin represent
the 38 terminal fragments of b-actin (133-nucleotide) and b-globin (165-nucleotide) mRNAs, respectively.

Figure 2. Translational awakening of tPA
mRNA in oocytes. (A) Induction of tPA synthe-
sis in primary oocytes. The indicated 38-UTR
transcripts were injected in primary oocytes
(GV) at 1 or 3 µg/µl (lanes 4–15); transcript in-
jected at 1 µg/µl, are present in oocytes at a
∼104-fold molar excess over endogenous tPA
mRNA. After 6 hr of culture in the presence of
dB-cAMP, arrested primary oocytes were lysed
in groups of five and assayed in triplicate by zy-
mography (Huarte et al. 1985). Groups of five
control noninjected arrested primary oocytes
(n.i. GV, lanes 1–3) or maturing oocytes lysed 6
hr after GVBD (n.i. BD, lanes 16–18) were ana-
lyzed in parallel. The zymogram was incubated
for 40 hr at 37°C. (B) Time course of tPA accu-
mulation in arrested primary and in maturing
oocytes. Noninjected primary oocytes and pri-
mary oocytes injected with the ACE transcript
at 2 µg/µl were incubated in the presence or
absence of dB-cAMP. After the indicated periods
of time, arrested primary oocytes (GV) or matur-

ing oocytes (BD) were lysed in groups of five, and the samples were assayed in duplicate on a zymogram that was incubated for 40 hr
at 37°C; tPA activity was quantitated by measuring the surface of the proteolytic zones [n.i., noninjected; inj., injected (Stutz et al.
1997)].
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translational awakening of this mRNA in arrested pri-
mary oocytes. This suggests that the injected transcript
relieves the mRNA from an active silencing process, pre-
sumably by competing for a trans-acting translational
repressor.

Effect of the ACE competitor transcript
on the translational activation of tPA mRNA
in meiotically arrested and maturing oocytes

During meiotic maturation, tPA is first detectable 4 hr
after germinal vesicle breakdown (GVBD) (Huarte et al.
1985). Primary oocytes were injected with ACE tran-
script, incubated for increasing periods of time under
conditions that prevent or allow maturation, and ana-
lyzed for tPA protein by zymography (Fig. 2B). In primary
oocytes (GV) that had been injected with ACE, tPA was
detectable 3 hr after injection, whereas, as expected, the
enzyme was not detectable in noninjected maturing oo-
cytes (BD) 3 hr after GVBD. Accumulation of tPA was
comparable in primary oocytes 6 hr after ACE injection
and in noninjected maturing oocytes 6 hr after GVBD; at
later times, tPA accumulated more rapidly in maturing
oocytes. Thus, the initial stages of tPA mRNA transla-
tional activation occur more rapidly in ACE-injected pri-
mary oocytes than in maturing oocytes.

To determine the effect of ACE transcript injection on
tPA production by maturing oocytes, injected primary
oocytes were cultured under conditions allowing re-
sumption of meiosis. This resulted in the rapid accumu-
lation of tPA, to levels significantly higher than in non-
injected maturing oocytes (Fig. 2B). These observations
suggest that the putative competitive unmasking of the
cis-acting silencing region of tPA mRNA both induces
awakening of the mRNA in arrested primary oocytes and
primes the mRNA for rapid translational activation dur-
ing meiotic maturation.

Effects of the ACE competitor transcript
on the poly(A) metabolism of exogenous
and endogenous tPA RNAs

Translational regulation of tPA mRNA is accompanied
by changes in its poly(A) tail: Silencing occurs concomi-
tantly with partial deadenylation, whereas readenylation
appears necessary for translation during meiotic matura-
tion. To explore possible effects of ACE transcript injec-
tion on this poly(A) tail metabolism, we coinjected a
32P-labeled partial tPA transcript (tPA-a, Fig. 1B), which
mimics the regulation of the endogenous tPA mRNA
(Huarte et al. 1992). When injected alone, in vitro poly-
adenylated tPA-a [tPA-a (A+)] undergoes partial dead-
enylation in primary oocytes (Fig. 3A, lane 2; Huarte et
al. 1992); coinjection (at a 50-fold molar excess) of the
ACE transcript (lane 3), but not that of a control tran-
script (tPA-c) (lane 4), markedly reduced the extent of
deadenylation achieved 6 hr after injection. In contrast,
coinjection of the ACE transcript with 32P-labeled poly-
adenylated actin 38 UTR (Huarte et al. 1992) did not in-
fluence the fate of its poly(A) tail (not shown). Lower

amounts of the ACE transcript (25- and 10-fold molar
excess) also decreased deadenylation of tPA-a (A+), albeit
to a lower degree (not shown). The default deadenylation
of the 32P-labeled polyadenylated 38 UTR actin tran-
script in maturing oocytes (Huarte et al. 1992) was not
affected by coinjection of the ACE transcript (not
shown), thus excluding a nonspecific effect on dead-
enylation in general. These results suggest that the ACE
competitor can sequestrate a trans-acting factor involved
in the sequence-specific deadenylation of tPA mRNA in
growing primary oocytes.

To determine whether the translation of tPA mRNA
in ACE-injected primary oocytes is accompanied by its
polyadenylation, we first coinjected a 32P-labeled
poly(A−) tPA-a [tPA-a (A−)] fragment together with the
ACE transcript. After 6 hr incubation in presence of dB-
cAMP, the migration of the recovered radiolabeled frag-
ment (Fig. 3B, lane 2) was identical to that of the non-
adenylated molecule (lane 1). A possible effect of the
ACE competitor on the poly(A) status of endogenous tPA
mRNA was analyzed by use of a RT–PCR poly(A) test
(Salles and Strickland 1995) on total RNA prepared from
primary noninjected and ACE-injected oocytes. The am-
plification products obtained with RNA from control
noninjected and ACE-injected primary oocytes indicated
that, under both conditions, the length of the poly(A) tail
on tPA mRNA was similar, that is, ∼50 residues (Fig. 3C,
lanes 1,2). In contrast, 6 hr after GVBD, tPA mRNA in
maturing oocytes had undergone a substantial elonga-
tion of its poly(A) tail (lane 3). Thus, unlike what hap-
pens in noninjected oocytes during meiotic maturation,
the translational activation of tPA mRNA induced by
the ACE competitor in arrested primary oocytes is not
accompanied by a readenylation of its poly(A) tail.

Similar experiments were performed on maturing oo-
cytes, in which injection of the ACE transcript causes
early translational activation of tPA mRNA (see above).
Coinjection of the 32P-labeled tPA-a (A−) fragment with
the ACE transcript resulted in an acceleration of poly-
adenylation, which was almost complete 3 hr after
GVBD (Fig. 3D, lane 3), whereas it was only partial in
oocytes injected with 32P-labeled tPA-a (A−) alone (lane
1). Polyadenylation of endogenous tPA mRNA was mea-
sured by the RT–PCR poly(A) test (Fig. 3E). Here again,
injection of the ACE competitor resulted in a precocious
elongation of the poly(A) tail of tPA mRNA that was
already conspicuous 1 hr after GVBD. Competitive dis-
placement of a putative silencing factor in primary oo-
cytes thus accelerates both tPA mRNA polyadenylation
and translational activation when the oocytes are al-
lowed to undergo meiotic maturation.

Translational awakening of a dormant mRNA requires
the presence of a poly(A) tail

The experiments summarized above show that in ACE-
injected meiotically arrested oocytes, translation of en-
dogenous tPA mRNA can be achieved without read-
enylation of the partially deadenylated transcript by the
ACE competitor. To investigate the role of the poly(A)
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tail in this awakening, we prepared chimeric transcripts
(Fig. 4A) containing the 58 UTR and the coding region of
urokinase type plasminogen activator (uPA) mRNA, and
the 38 UTR of either actin (Ch-1) or tPA (Ch-2) mRNAs.
The activity of uPA can be revealed by use of the same
zymographic assay that reveals tPA. The 38 UTR of actin
does not contain ACE determinants involved in silenc-
ing or activation, so that actin is constitutively synthe-
sized in primary oocytes (Bachvarova et al. 1989; Payn-
ton and Bachvarova 1994).

As reported previously (Huarte et al. 1992), neither
Ch-1 nor Ch-2 are translated in primary oocytes (Fig. 4B,
lanes 1,2 and 9,10). Addition of a short poly(A) tail (30
A’s) to Ch-1 is sufficient to promote its translation in
primary oocytes (lanes 11,12), whereas a similar short
poly(A) tail does not allow translation of Ch-2 (lanes 5,6).
Ch-2 (A)30 thus mimics the behavior of endogenous tPA
mRNA, because it is silent in primary oocytes and trans-
lated during maturation (lanes 13,14). These observa-
tions indicate that a short poly(A) tail is necessary, but
not sufficient, for translation in primary oocytes, and
hence, that a distinct silencing mechanism operates on
Ch-2.

Because injection of the ACE competitor relieves the
silencing mechanism responsible for tPA mRNA dor-
mancy, we coinjected the ACE transcript with Ch-2. The
ACE transcript did not elicit translation of Ch-2 (A)0 but,
as expected, did trigger translation of endogenous tPA
mRNA (lanes 3,4). In contrast, Ch-2 bearing a short
poly(A) tail was awakened in the presence of ACE, just
like endogenous tPA mRNA (lanes 7,8).

We conclude that the translational activation of dor-
mant Ch-2 can be achieved by injection of the ACE com-
petitor, but that the presence of a short poly(A) tail is
indispensable for translation. To verify whether the
short poly(A) tail remaining on dormant tPA mRNA in
primary oocytes is mandatory, we used as-ODN ampu-
tation (Stutz et al. 1997) to remove the poly(A) tail of the
endogenous transcript. As-ODN 2504, complementary
to the 38 end of tPA mRNA, downstream of the
AAUAAA sequence, promotes amputation of the poly(A)
tail in primary oocytes, without preventing tPA mRNA
translational activation during meiotic maturation, be-
cause the required regulatory regions (ACE and
AAUAAA) are not removed (Stutz et al. 1997). The ACE
competitor failed to induce translation of amputated

Figure 3. Poly(A) tail metabolism in ACE-
injected oocytes. (A) Effect of the ACE com-
petitor transcript on a polyadenylated tPA
38 UTR fragment in arrested primary oo-
cytes. The 32P-labeled tPA-a transcript was
polyadenylated in vitro to generate a poly(A)
tail of ∼150–300 adenosines residues [32P-la-
beled tPA-a (A+), lane 1] and injected in pri-
mary oocytes, alone (lane 2) or together with
either the ACE (lane 3) or the tPA-c (lane 4)
transcripts at a 50-fold molar excess. The
injected transcript migrates as a smear as a
consequence of the heterogeneity of poly(A)
length resulting from the in vitro polyade-
nylation reaction. Groups of 10 injected oo-
cytes were cultured for 8 hr in the presence
of dB-cAMP and lysed. The recovered 32P-
labeled transcripts were analyzed on a 6%
acrylamide–urea gel by autoradiography.
The open arrowhead indicates the position
of migration of a nonpolyadenylated tPA-a
[tPA-a(A−)] transcript. (B) Effect of the ACE

competitor transcript on a nonadenylated tPA 38-UTR fragment in arrested primary oocytes. Primary oocytes coinjected with the
32P-labeled tPA-a(A−) fragment and the ACE transcript were lysed after 6 hr of culture in the presence of dB-cAMP (lane 2). The RNA
was analyzed as for A. The noninjected 32P-labeled tPA-a(A−) transcript is shown in lane 1 (n.i.). (C) Effect of the ACE competitor
transcript on the poly(A) status of endogenous tPA mRNA in arrested primary oocytes. Noninjected primary oocytes (lane 1) and
primary oocytes injected with the ACE transcript at 2 µg/µl (lane 2) were incubated for 6 hr in the presence of dB-cAMP. Total RNA
was extracted and tPA mRNA was analyzed by a RT–PCR-poly(A) test. Noninjected maturing oocytes were lysed 6 hr after GVBD were
analyzed in parallel. Poly(A) tail lengths (in nucleotides) were determined by comparison with a sequencing ladder loaded on the same
gel. Each lane corresponds to approximately one oocyte. (D) Effect of the ACE competitor transcript on a nonadenylated tPA 38-UTR
fragment in maturing oocytes. Primary oocytes injected with the 32P-labeled tPA-a(A−) fragment alone (lanes 1,2) or together with the
ACE transcript (lanes 3,4) were cultured in the absence of dB-cAMP, and lysed 3 or 6 hr after GVBD. The recovered 32P-labeled
transcripts were analyzed as for A. The migration of the 32P-labeled tPA-a(A−) transcript is indicated by the open arrowhead. (E) Effect
of the ACE competitor transcript on the poly(A) status of endogenous tPA mRNA in maturing oocytes. Primary oocytes injected with
the ACE transcript at 2 µg/µl (l) or with an equal volume of KCl (j) were cultured in the absence of dB-cAMP and collected before
or 1, 2, 3, and 9 hr after GVBD. Total RNA was extracted and tPA mRNA was analyzed with the RT–PCR–poly(A) test. Poly(A) tail
lengths were determined by comparison with a sequencing ladder loaded on the same gel. The extent of polyadenylation at the
different time points, expressed as a percentage of the polyadenylation achieved 9 hr after GVBD in ACE-injected oocytes, was
computed after determining the poly(A) tail length of the longest abundant amplification product in each sample.

Translational regulation in mouse oocytes

GENES & DEVELOPMENT 2539



(i.e., deadenylated) tPA mRNA (Fig. 4C, lanes 5,6),
whereas, as expected, it did awaken the native mRNA
(lanes 3,4), and the amputated mRNA was translated in
maturing oocytes (lanes 7,8).

The partial deadenylation that accompanies silencing
of tPA mRNA in growing oocytes is thus not sufficient
to induce dormancy; interaction with a putative ACE-
binding silencing factor appears critical. Conversely,
competitive removal of this factor is sufficient to trigger
translation of the mRNA in arrested primary oocytes,
provided that a poly(A) tail is present; the poly(A) tail
acts as a cis-acting determinant indispensable, but not
sufficient, for translation.

Role of cytoplasmic readenylation during meiotic
maturation

The translational activation of tPA mRNA in ACE-in-
jected primary oocytes does not require elongation of its
preexisting poly(A) tail. What is the role of the extensive
readenylation of tPA mRNA in maturing oocytes? To
explore this issue, we compared the translation of chi-
meric mRNAs (Ch-2, see Fig. 4A) comprising a wild-type
AAUAAA polyadenylation signal or a mutant nonfunc-
tional AAGAAA sequence. In the absence of a poly(A)
tail, the Ch-2 transcript was translated in maturing oo-
cytes, as evidenced by the synthesis of uPA, provided it
had a wild-type polyadenylation signal (Fig. 5, lanes 3,4);
as expected, the AAGAAA mutant transcript was not
translated (lanes 11,12), because it cannot acquire the
indispensable poly(A) tail during maturation. In contrast,
both the wild-type (lanes 7,8) and the mutant (lanes
15,16) transcripts were translated during meiotic matu-
ration when they were injected with a 40 nucleotide
poly(A) tail at their 38 end. All the injected transcripts
were efficiently silenced in primary oocytes (lanes
1,2,5,6,9,10,13,14,17,18), and translated with compa-
rable efficiency in vitro in a reticulocyte lysate (not
shown).

Thus, whereas translation requires the presence of a
poly(A) tail, it need not be longer than that present on
tPA mRNA in primary oocytes (∼50 nucleotide), and
translational activation can take place even if polyade-
nylation itself is blocked, as is the case with the
AAGAAA mutant. This indicates that cytoplasmic read-
enylation of tPA mRNA is not necessary for its transla-
tional awakening after GVBD. However, the amount of
uPA in oocytes injected with the polyadenylated mutant
Ch-2 transcript (Fig. 5, lanes 15,16) is clearly less than
that in oocytes injected with the wild-type transcript
(lanes 3,4,7,8). We have shown previously that an
AAGAAA mutant form of the tPA-a transcript (see Fig.
1B), polyadenylated in vitro prior to injection, is exten-
sively deadenylated in maturing oocytes, presumably by
the default deadenylation pathway (Huarte et al. 1992).
This deadenylation of the mutant Ch-2 transcript, that
cannot be readenylated because it lacks a functional
polyadenylation signal, probably accounts for the lower
level of uPA accumulation.

Figure 4. Translation of injected chimeric and endogenous tPA
mRNAs. (A) Schematic representation of the endogenous tPA
mRNA and injected chimeric mRNA constructs. (Open rect-
angles) Coding regions of tPA and uPA mRNAs. Chimeric
mRNA-2 and -1 constructs comprise the 58 UTR, coding region,
and part of the 38 UTR of uPA mRNA and the 38 end of the 38

UTR of either tPA (Ch-2) or b-actin (Ch-1) mRNAs. (Shaded
ovals and rectangles) ACE and AAUAAA sequences, respec-
tively. (A)40 represents the ∼40-nucleotide poly(A) tail present
on the endogenous tPA mRNA in primary oocytes. (A)n sym-
bolizes the 38 end of the constructs: (A)0, no poly(A) tail; (A)30,
poly(A) tail of 30 nucleotides. (B) Translation of injected chi-
meric mRNAs. Primary oocytes were injected with Ch-2-(A)0
(lanes 1–4) or Ch2-(A)30 (lanes 5–8) mRNAs (200 ng/µl), either
alone (lanes 1,2,5,6) or together with ACE transcript (2 µg/µl)
(lanes 3,4,7,8), or with Ch-1-(A)0 (lanes 9,10) or Ch1-(A)30 (lanes
11,12) mRNAs (200 ng/µl). After 6 hr of culture in the presence
of dB-cAMP, primary oocytes (GV) were lysed in duplicate
groups of five (lanes 1–12). (Lanes 13–14) Oocytes injected with
Ch-1-(A)30 mRNA, incubated in the absence of dB-cAMP and
lysed in groups of five maturing oocytes (BD) 6 hr after GVBD.
Synthesis of tPA and uPA was assessed by zymography. (C)
Translation of endogenous tPA mRNA. The injected ACE tran-
script and the as-ODN 2504 (58-AAAGTGTGAAAAATACC-
TCTG) are represented above and below the endogenous tPA
mRNA, respectively. (Top) Primary oocytes were injected with
the ACE transcript (2 µg/µl) either alone (lanes 3,4) or with
as-ODN 2504 (1 µg/µl, lanes 5,6). After 6 hr of culture in the
presence of dB-cAMP, groups of five primary oocytes (GV) were
lysed and tPA synthesis was assessed by zymography. (Lanes
1,2) Groups of five noninjected primary oocytes cultured in par-
allel; (lanes 7,8) groups of five oocytes coinjected with the ACE
transcript and as-ODN 2504, cultured in the absence of dB-
cAMP, and lysed 6 hr after GVBD (BD).
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Identification of an ACE-binding protein

The striking effect of the ACE transcript on tPA mRNA
translation in primary oocytes suggests that it competes
with the endogenous mRNA for binding of a silencing
factor. To reveal macromolecules with which the ACE
transcript may interact, we exposed meiotically arrested
oocytes injected with different 32P-labeled transcripts to
UV light. Oocyte lysates were digested with RNase T1,
and the spectrum of proteins that had become isotopi-
cally tagged by label transfer was revealed by SDS-PAGE
and autoradiography. A conspicuous radiolabeled com-
plex of 85 kD was observed (Fig. 6A) following the injec-
tion of different tPA mRNA 38 UTR fragments, that is,
the 479-nucleotide tPA-a transcript (lane 1) and the 115-
nucleotide tPA-b transcript (lane 2), both of which con-
tain the ACE and AAUAAA regulatory regions, and the
83-nucleotide ACE competitor transcript itself (lane 3),
which lacks the AAUAAA region. In contrast, no radio-
labeled species of Mr greater than ∼60 kD was observed
in samples from oocytes injected with actin or globin 38
UTRs (lanes 4,5), or with the 80-nucleotide 38-terminal
fragment from tPA mRNA (tPA-d) (Fig. 1B, not shown).
Because the 85-kD complex was observed with the tPA-
a, tPA-b, and ACE transcripts, but not with the 38 UTR
of other mRNAs, the proposed RNA–protein interaction
involves the ACE itself, and does not appear to require
other structures present in tPA-a such as three upstream
CPE-like sequences and the AAUAAA polyadenylation
signal.

Competition with cold ligand confirmed that the 85-
kD complex involves the ACE: coinjection of unlabeled
ACE competitor with the labeled tPA-a fragment re-
sulted in a marked decrease in the intensity of the 85-kD
band (Fig. 6A, cf. lanes 1 and 6), whereas this band re-
mained conspicuous when an unlabeled actin 38 UTR
transcript was injected together with the labeled tPA-b
fragment (Fig. 6A, cf. lanes 2 and 7). Addition of the
protease trypsin to extracts containing the 85-kD com-
plex resulted in its degradation (not shown), suggesting
that it is formed by UV-induced covalent cross-linking of
the ACE with an oocyte protein.

Together with our previous results showing that the
ACE region of tPA mRNA is protected from as-ODN

Figure 5. Role of cytoplasmic readenyla-
tion during meiotic maturation. Primary
oocytes were injected with the following
transcripts (150 ng/µl): Ch-2 (AAUAAA)
without [(A)0, lanes 1–4] or with [(A)40,
lanes 5–8] a 40-nucleotide poly(A) tail, and a
mutant form of Ch-2 lacking a functional
polyadenylation signal, Ch-2 (AAGAAA)
without [(A)0, lanes 9–12] or with [(A)40,
lanes 13–16] a 40-nucleotide poly(A) tail. In-
jected oocytes were cultured in the pres-
ence (GV) or absence of dB-cAMP (BD) and
lysed in groups of five after ∼10 hr. Nonin-
jected control oocytes (−) (lanes 17–20) were
cultured and lysed in parallel. Synthesis of
tPA and uPA were assessed by zymography.

Figure 6. In vivo UV-induced cross-linking of 32P-labeled 38

UTR transcripts. (A) Primary oocytes were injected with differ-
ent 32P-labeled transcripts (tr.) from the 38 UTRs of tPA (tPA-a,
tPA-b, and ACE, lanes 1–3), b-actin (Act., lane 4) and b-globin
(Glo., lane 5) mRNAs. Alternatively, primary oocytes were
coinjected with 32P-labeled tPA-a and the ACE competitor
(Comp.) fragment (at a 50-fold molar excess) (lane 6), or with
32P-labeled tPA-b and the b-actin 38 UTR fragment (at a 20-fold
molar excess) (lane 7). Following 5 hr of culture in the presence
of dB-cAMP, the oocytes were exposed to UV light and lysed.
The samples were digested with RNase T1 and analyzed by
SDS-PAGE and autoradiography. The migration of molecular-
mass markers is indicated in kD. (B) In maturing oocytes, pri-
mary oocytes were injected with the 32P-labeled ACE transcript
and cultured for 4 hr in medium with (lane 1) or without (lane
2) dB-cAMP, before being exposed to UV light. Maturing oocytes
cultured without dB-cAMP were injected with the 32P-labeled
ACE transcript 2 hr after GVBD and exposed to UV light 2 hr
later (lane 3). Following lysis of the oocytes, the samples were
processed and analyzed as for A. (C) ACE transcript in injected
oocytes. Primary oocytes injected with the 32P-labeled ACE
transcript were cultured for 6 hr in the presence (lane 2) or
absence (lane 3) of dB-cAMP. The 32P-labeled transcripts recov-
ered from arrested primary oocytes (GV, lane 2) or maturing
oocytes (BD, lane 3) were analyzed on a 6% acrylamide–urea gel.
In lane 1, the noninjected (n.i.) 32P-labeled ACE transcript was
analyzed in parallel.
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hybridization in primary oocytes (Stutz et al. 1997),
these observations suggest that an ∼80-kD protein spe-
cifically interacts with this cis-acting regulatory element
in the dormant mRNA. Cross-linking of 32P-labeled
transcripts injected in 50 µm diameter growing primary
oocytes revealed that this protein is already present
when the tPA gene is transcribed (not shown). Thus, this
protein may be the silencing factor responsible for in-
ducing and maintaining dormancy of newly transcribed
tPA mRNA. If this is the case, interaction of this protein
with its target region may be modified when the oocytes
enter meiotic maturation and translation of the mRNA
is activated. Thus, we compared the pattern of radiola-
beled RNA–protein complexes obtained in arrested pri-
mary and in maturing oocytes by UV-induced cross-link-
ing of the injected 32P-labeled ACE transcript (Fig. 6B).
When injected oocytes were allowed to enter meiotic
maturation before cross-linking, the migration of the 85-
kD complex was slightly slower than in arrested primary
oocytes, and its abundance was significantly reduced (cf.
lanes 1 and 2). Similarly, when oocytes were injected
immediately after GVBD, only small amounts of the
slower-migrating complex were observed (lane 3). Oo-
cytes injected in parallel with the 32P-labeled ACE tran-
script were lysed 6 hr later without cross-linking, and
the integrity of the radiolabeled RNA fragment was veri-
fied (Fig. 6C). No significant alteration was observed in
primary (GV, lane 2) or in maturing (BD, lane 3) oocytes;
in particular, and as expected because it lacks the
AAUAAA signal, the ACE transcript did not undergo
polyadenylation in maturing oocytes. These observa-
tions suggest that a structural modification occurs in the
ACE-binding protein when the oocytes undergo meiotic
maturation, before tPA mRNA translation can be de-
tected (i.e., ∼4 hr after GVBD), and that this modification
accompanies a change in its binding to its target se-
quence. They are in accord with the hypothesis that the
ACE-binding protein is a silencing factor that is released
from the cis-acting regulatory region of tPA mRNA to
allow its translation.

Discussion

The deadenylation and silencing of tPA mRNA in grow-
ing and fully grown primary oocytes and its readenyla-
tion and translational activation following resumption
of meiosis depend on the presence of specific 38 UTR
sequences. The ACE region of the 38 UTR is protected
from as-ODNs in primary mouse oocytes, suggesting
that it is engaged in an intra- or intermolecular interac-
tion. This interaction could be directly involved in the
silencing of tPA mRNA. In support of this hypothesis,
part of the ACE region becomes accessible to as-ODNs
early during meiotic maturation, before tPA synthesis
can be detected (Stutz et al. 1997). Masking and unmask-
ing may thus be part of the translational control mecha-
nism of tPA mRNA.

The identification of RNA-masking translational re-
pressors most often relies on experiments using cell-free
extracts (Standart et al. 1990; Ostareck-Lederer et al.

1994). Experiments that explore translational repression
of an endogenous mRNA in intact cells represent a use-
ful alternative. Injection of an ACE-containing transcript
in the cytoplasm of arrested primary oocytes resulted in
the specific and very rapid translational awakening of
tPA mRNA, in the absence of other changes character-
istic of meiotic maturation, such as GVBD. Furthermore,
ACE-injected oocytes allowed to undergo meiotic matu-
ration produced more tPA than noninjected maturing oo-
cytes. Injection of the ACE transcript presumably dis-
places a masking factor bound to the ACE region of tPA
mRNA, and this appears sufficient to trigger translation.
Arrested primary oocytes thus contain all the machinery
required for translation of a dormant mRNA, and mask-
ing is responsible for the dormancy of tPA mRNA.

The silencing of tPA mRNA in growing primary oo-
cytes is accompanied by its partial deadenylation. The
ACE-binding translational repressor could thus target a
deadenylase to tPA mRNA, or itself have deadenylase
activity. In Xenopus oocytes, a nuclear deadenylase re-
leased after GVBD is implicated in the default dead-
enylation of mRNAs lacking CPEs (Varnum et al. 1992;
Wormington et al. 1996). In mouse oocytes, such a de-
fault deadenylation was not prevented by the ACE com-
petitor, suggesting that the default process is different
from that involved in the specific deadenylation of tPA
mRNA. In accord with this view, deadenylation of tPA
mRNA in primary oocytes leaves a short poly(A) tail of
∼40 residues, whereas default deadenylation in maturing
oocytes appears complete. The relationship between the
cytoplasmic deadenylation of ACE-containing tran-
scripts and their translational silencing in primary oo-
cytes is not clear. A polyadenylated ACE-containing re-
porter transcript is only transiently translated in primary
oocytes, being silenced at a time when deadenylation is
still ongoing (Huarte et al. 1992). Thus, deadenylation
may not be a prerequisite for silencing.

The translational activation of tPA mRNA in ACE-
injected arrested primary oocytes occurs without elon-
gation of its poly(A) tail. Hence, cytoplasmic readenyla-
tion is not required, and factor(s) responsible for polyade-
nylation in maturing oocytes may be lacking or inactive
in primary oocytes (Paynton and Bachvarova 1994).
However, the presence of a short poly(A) tail is manda-
tory for translation of endogenous tPA mRNA, as it is for
translation of injected reporter mRNAs. Interestingly,
the poly(A) stretch that remains at the 38 end of partially
deadenylated tPA mRNA in primary oocytes is of a size
sufficient for binding of PABP, which stimulates the for-
mation of translation initiation complexes (Munroe and
Jacobson 1990). We do not know whether competitive
displacement of the ACE-binding repressor is sufficient
for translation, or whether it triggers a modification of
tPA mRNA other than poly(A) tail elongation. In this
context, the causal relationship between polyadenyla-
tion, cap ribose methylation, and translational activa-
tion of a dormant mRNA in Xenopus oocytes may be
relevant (Kuge and Richter 1995). In maturing Xenopus
oocytes, methylation is secondary to polyadenylation; if
cap ribose methylation does occur in primary mouse oo-
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cytes, it is unlikely to be related to polyadenylation be-
cause the awakening of tPA mRNA is not accompanied
by elongation of its poly(A) tail.

To search for trans-acting effector(s) of tPA mRNA
silencing in primary oocytes, we injected radiolabeled 38
UTR fragments and exposed the live oocytes to UV light.
An 85-kD RNA–protein complex was obtained following
RNase T1 digestion of cross-linked extracts from oocytes
injected with different ACE-containing transcripts.
Given the size of the largest RNase T1 fragment of the
ACE transcript (25 nucleotides, i.e., ∼8 kD), the ACE-
binding protein should have a molecular mass of ∼77 kD.
Proteins with high affinity for U-rich 38 UTR sequences
have been described from a variety of sources (McGrew
and Richter 1990; Gillis and Malter 1991; Fox et al. 1992;
Simon and Richter 1994; Decker and Parker 1995; Simon
et al. 1996; Wu et al. 1997). CPEB, responsible for poly-
adenylation of a maternal transcript in maturing Xeno-
pus oocytes, has been purified (Hake and Richter 1994)
and a cDNA encoding its murine homolog (mCPEB) has
been characterized (Gebauer and Richter 1996). The size
of mCPEB (62 kD), and the fact that it is responsible for
events occuring after GVBD, rather than in arrested pri-
mary oocytes, distinguish it from the ACE-binding pro-
tein. Interestingly, in Spisula solidissima oocytes, a 38
UTR-binding 82-kD protein represses translation of the
mRNAs encoding cyclin A and the small subunit of ri-
bonucleotide reductase (Standart et al. 1990; Walker et
al. 1996); this protein, reported to be 67% identical to
Xenopus CPEB in the carboxy-terminal region (Gebauer
et al. 1994; Gebauer and Richter 1996), thus has a func-
tion and a size similar to the ACE-binding protein.

On entry in meiotic maturation, shortly after GVBD,
the ∼80-kD ACE-binding protein appears to undergo a
modification that results in a slower migration of the
RNA–protein complex; the recovered complex also de-
creases in abundance. Although direct evidence for this
is lacking, a post-translational modification of the pro-
tein may decrease its affinity for its target sequence, thus
leading to unmasking of the ACE region of tPA mRNA.
This unmasking, like that achieved by injection of the
competitor ACE transcript, frees the mRNA for transla-
tion. Our previous demonstration that the ACE region
becomes partially accessible to as-ODN hybridization
shortly after GVBD (Stutz et al. 1997) is in accord with
this model; also in support of the notion that the ACE
sequence is not involved in RNA–protein interactions
after GVBD is the observation that the ACE competitor
by itself does not prevent polyadenylation or translation
of tPA mRNA during meiotic maturation.

Different post-translational modifications could ac-
count for a change in electrophoretic migration of the
ACE–protein complex during meiotic maturation. For
instance, ubiquitination would mark the protein for deg-
radation (Hochstrasser 1996), a change in its redox state
could influence its interaction with the mRNA (Hentze
et al. 1989; Gillis and Malter 1991; Malter and Hong
1991). However, phosphorylation of the protein, possibly
by a cell cycle kinase, appears particularly likely: Several
precedents illustrate the importance of phosphorylation

in modulating the activity of RNA-binding proteins con-
trolling cytoplasmic polyadenylation and/or translation
(Paris et al. 1991; Kwon and Hecht 1993; Hake and Rich-
ter 1994; Walker et al. 1996). Furthermore, translation of
tPA mRNA can be induced, together with GVBD, in in-
competent mouse oocytes by the injection of mRNAs
encoding cdc2 and cyclin B1, resulting in the induction
of MPF activity (de Vantery et al. 1997).

The translational awakening of tPA mRNA, together
with the modification and probable decrease in affinity
of the ACE-binding protein when meiosis resumes, sug-
gest a model in which masking and unmasking are criti-
cal for translational silencing and later awakening of this
mRNA in oocytes. What then is the role of the extensive
readenylation of tPA mRNA during meiotic maturation?
Although readenylation is not necessary for transient
translational awakening, the presence of a short poly(A)
tail is required. Thus, cytoplasmic readenylation of tPA
mRNA is not required for translational activation per se,
but it is essential to maintain a poly(A) tail on the
mRNA in the face of a default deadenylation process
affecting many other oocyte mRNAs. This view is in
accord with the concept that the poly(A) tail length of
CPE-containing mRNAs is determined by an equilib-
rium between two competing reactions: polyadenosine
addition and removal (Wickens 1992). Recent observa-
tions on the respective contributions of unmasking and
polyadenylation in the translational control of FGF re-
ceptor mRNA in Xenopus laevis oocytes are also fully
consistent with our findings: These two modifications
can be uncoupled, and unmasking appears critical to trig-
ger translation (Culp and Musci 1998).

The respective roles of masking, unmasking, and read-
enylation in modulating the expression of a maternal
mRNA should be viewed in the more general perspective
of translational control in other cell types (Decker and
Parker 1995; Spirin 1995). In male gametes, mRNA si-
lencing by binding of regulatory proteins to 38 UTRs is
well documented (Kwon and Hecht 1991; Goodwin et al.
1993; Fajardo et al. 1994; Schafer et al. 1995), and trans-
lational activation does not appear to require polyade-
nylation (Kleene 1989). In Drosophila embryos, nanos
and pumilio promote posterior morphology by triggering
specific deadenylation and translational repression of the
maternal hunchback mRNA (Wreden et al. 1997). In so-
matic cells also, there is growing evidence for an impor-
tant role of specific 38 UTR sequences in silencing cer-
tain mRNAs (Kruys et al. 1989; Gueydan et al. 1996;
Kern et al. 1996; Ostareck et al. 1997; Ranganathan et al.
1997) in addition to their function in controlling mRNA
stability and degradation (Jacobson 1996); here again, cy-
toplasmic readenylation does not appear to play a part in
reactivating translation. We propose that what may be
particular to oocytes is neither the use of translational
control as one way to modulate gene expression, nor the
critical role of 38 UTR masking and unmasking to regu-
late protein synthesis, but a particular need to maintain
a poly(A) tail on mRNAs that are translated, whereas
others are deadenylated and degraded. In somatic cells,
under conditions that lead to activation of a previously
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silent mRNA, the mRNA will be translated, deadenyl-
ated, and degraded, and new transcripts can be generated
that will not be silenced. In oocytes and early embryos,
unmasking allows translation and cytoplasmic read-
enylation is necessary to maintain a poly(A) tail, and
thereby a translatable mRNA, because new transcripts
cannot be synthesized.

This hypothesis predicts that the cellular machinery
required for cytoplasmic readenylation could be, at least
in part, specific to oocytes. Whereas there is no evidence
for an oocyte-specific form of CPSF, the presence of mul-
tiple forms of poly(A) polymerase in Xenopus oocytes
(Ballantyne et al. 1995; Gebauer and Richter 1995) sug-
gests that cytoplasmic readenylation might require a
specific form of the enzyme. Similarly, CPEB appears to
be restricted mostly to the gonads and, in the ovary, is
detectable only in oocytes (Gebauer and Richter 1996). In
contrast, trans-acting elements such as the ∼80-kD pro-
tein that binds to the ACE in tPA mRNA might operate
to control translation of selected mRNAs in somatic
cells also.

Translational awakening of oocyte tPA mRNA can be
achieved in two ways. The modification and probable
detachment of a masking protein from its 38 UTR target
sequence appears as the physiological mechanism re-
sponsible for tPA synthesis during meiotic maturation.
Experimentally, however, competition by an injected
transcript corresponding to the cis-acting ACE sequence
also results in translation of the mRNA. This suggests
that untranslated RNA transcripts, or untranslated re-
gions of mRNAs, have the potential of relieving transla-
tional repression operating on a subset of mRNAs. It is
reminiscent of the striking biological effects on cell
growth and differentiation that have been attributed to
38 UTRs of mRNAs encoding muscle structural proteins
(Rastinejad and Blau 1993; Rastinejad et al. 1993; Ran-
ganathan et al. 1995, 1997), and ribonucleotide reductase
(Amara et al. 1995; Fan et al. 1996). Thus, translational
regulation may involve multiple mechanisms whereby
the masking effect of trans-acting repressors can be over-
come, to yield the rapid and specific induction of protein
synthesis.

In conclusion, our results show how masking and un-
masking mechanisms and poly(A) tail metabolism coop-
erate to control translation of a transiently dormant
mRNA in mouse oocytes. They suggest the following
model (Fig. 7): In growing primary oocytes, the newly-
transcribed polyadenylated (∼250 A’s) mRNA is exported
from the nucleus to the cytoplasm, in which a specific
cis-acting silencing determinant (ACE) interacts with a
trans-acting translational repressor (ACEB). This inter-
action also induces a partial deadenylation, which leaves
only a short poly(A) tail (∼40 A’s) on the dormant mRNA.
In fully grown oocytes, the repressor is required to main-
tain dormancy. This could happen by preventing the
PABP from binding to the short poly(A) tail and thereby
from contributing to translation initiation. Early after
resumption of meiosis, the repressor is modified (e.g.,
phosphorylated) and released from the mRNA. PABP can
then bind to the poly(A) tail, thus allowing translational
activation of the mRNA. Concomitantly, readenylation,
itself dependent on specific structural elements in the 38
UTR, that is, the ACE and the polyadenylation signal,
occurs at a time when many other oocyte mRNAs are
rapidly deadenylated. This allows the persistance of a
poly(A) tail, which is indispensable for translation. In
this view, readenylation is necessary to maintain, possi-
bly to stimulate, translation, but it is not directly in-
volved in the awakening of the dormant mRNA. This
underlines the critical role played by masking and un-
masking mechanisms in the translational control of a
mammalian maternal mRNA.

Materials and methods

Oocyte collection, injection, and culture

Procedures for oocyte collection from Swiss albino mice, injec-
tion, and culture have been described previously (Huarte et al.
1985, 1987; Strickland et al. 1988). For injection, primary oo-
cytes were incubated in DMEM containing 5% fetal calf serum,
25 µg/ml sodium pyruvate, and 2.5 mg/ml polyvinylpyrrol-
idone (PVP, Pharmacia); a volume of ∼10 pl was injected in the
cytoplasm of the oocytes. Oocytes were cultured either in the
presence of dB-cAMP (100 µg/µl), to prevent resumption of

Figure 7. Model for tPA mRNA translational
control. (ACEB) ACE-binding protein; (P) puta-
tive post-translational modification (phos-
phorylation?); (PABP) poly(A) binding protein;
(A) factors necessary for cytoplasmic polyade-
nylation. The solid, vertical rectangle repre-
sents the AAUAAA cleavage and polyadenyla-
tion signal.
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meiosis, or in its absence to allow meiotic maturation. Growing
primary oocytes of ∼50 µm diameter were prepared from 10-day-
old females according to Eppig (1977).

Construction of plasmids and in vitro transcription

The cytoplasmic rabbit b-globin 38 UTR fragment was tran-
scribed with SP6 polymerase from a plasmid [A(3), (Vassalli et
al. 1989)]; this generates a transcript of 165 nucleotides.

A 140-nucleotide cDNA fragment (positions 1753–1892) of
mouse cytoplasmic b-actin 38 UTR (Tokunaga et al. 1986) was
subcloned in pGEM2 (Promega Corp., Madison, WI). This plas-
mid was linearized with ApaLI and transcribed with T3 RNA
polymerase to generate a transcript of 133 nucleotides.

The tPA mRNA 38 UTR transcripts, tPA-a, tPA-b, and tPA-d
(of 479, 115, and 80 nucleotides, respectively) were prepared
from a template generated by PCR amplification of plasmids
containing the 455, 104, and 37 38-terminal nucleotides of
mouse tPA cDNA [transcripts 1, 5, and 6 in Huarte et al. (1992)],
with a 58 primer (SP6 primer, 58-GGCTTGTACATATTGTC-
GTTA) corresponding to plasmid sequences upstream of the
SP6 promoter and a 38 primer complementary to the last 21
nucleotide of tPA cDNA (tPA primer, 58-AAAGTGT-
GAAAAATACCTCTG). Two 51-bp synthetic ApaI–XhoI
double-stranded ODNs, containing either the ACE region of
tPA cDNA (ACE, positions 2401–2442) or a different tPA 38

UTR-sequence (tPA-c positions, 2275–2314), were subcloned
into a digested ApaI–XhoI plasmid coding for the Ch-1 tran-
script. ACE-containing ODN (58-CACTAGTATATTTATATT-
TTAATCTATTTTAGATTTTACTTTC and its complementary
sequence, 38-CCGGGTGATCATATAAATATAAAATTAGA-
TAAAATCTAAAATGAAAGAGCT) were hybridized before
subcloning. tPA-c-containing ODN (58-CCTGTACTCCACAC-
TCCTCAACTCTTGGGACATATCCACTGAC and its comple-
mentary sequence 38-CCGGGGACATGAGGTGTGAGGAGTT-
GAGAACCCTGTATAGGTGACTGAGCT) were also hybrid-
ized before subcloning. The ACE or tPA-c transcripts (both 83
nucleotides long) were obtained with T3 polymerase, after linear-
izing the plasmids with XbaI.

Chimeric mRNA-1 and mRNA-2 (Ch-1 and Ch-2) transcripts
were prepared from plasmids as described previously (Huarte et
al. 1992). Two XbaI–XbaI fragments corresponding either to the
Ch-1 or to the Ch-2 DNA inserts were subcloned into a pSP65
poly(A)30 vector. Chimeric mRNA-1 (A)30 [Ch-1 (A)30] and
mRNA-2 (A)30 [Ch-2 (A)30] transcripts were prepared with SP6
polymerase from templates generated by PCR amplifications
using the 58 SP6 primer and a 38 primer complementary at its 58

end to the poly(A)30 tract and at its 38 end to 3 nucleotides of the
multiple cloning site of the pSP65 poly(A)30 vector [58-(T)30

AGC]. Chimeric transcripts mRNA-2 mutated in the poly(A)
signal [Ch-2-AAGAAA (A)40 or (A)0] and their wild-type con-
trols [Ch-2-AAUAAA (A)40 or (A)0] were all generated from PCR
amplification. Ch-2-AAGAAA (A)40 and (A)0 were amplified
with the 58 SP6 primer and a 38 primer complementary to the
last 36 nucleotides of tPA cDNA except for the C/A substitu-
tion in the poly(A) signal with or without a 40 T residue tail
[58-(T)40 or (T)0 AAAGTGTGAAAAATACCTCTGAATTTCT-
TATTTAAG]. The 38 primer used for the Ch-2 (A)0 is comple-
mentary to the same last 36 nucleotide without the G substi-
tution in the poly(A) signal.

All transcripts were capped and prepared as described previ-
ously (Huarte et al. 1987). The transcripts used either in the
cross-linking experiment or analyzed directly on acrylamide
urea gels are labeled with [32P]UTP at 4 µCi/µl and a total con-
centration of UTP of 50 µM and injected at ∼5 × 106 cpm/µl.
Competitor and chimeric transcripts used in competition dis-

placement or in translation assays were prepared using [32P]UTP
at 0.5 µCi/µl and a total concentration of UTP of 500 µM and
were injected at 2 µg/µl or ∼150–200 ng/µl, respectively. When
indicated, the transcripts were polyadenylated in vitro as de-
scribed previously (Vassalli et al. 1989). The purified RNAs were
dissolved in 150 mM KCl before injection.

In vivo UV-induced cross-linking and gel electrophoresis
of RNA–protein complexes

Oocytes injected with 32P-labeled transcripts (5 × 106 cpm/µl)
were placed on ice and exposed for 7 min to UV radiation in a
Stratalinker device (1 µJ/cm2). Following lysis in 20 µl of 10 mM

Tris-Cl at pH 7.4, 1 mM EDTA, 1 mM DTT, 0.25% Triton X-100,
1 µg/µl yeast tRNA, and 1 U/µl RNasin, RNase T1 was added
(0.5 U/µl) and the samples (20–30 oocytes per sample) were
digested for 30 min at 37°C. An equal volume of double-
strength reducing sample buffer was added, and the samples
were subjected to a 10% SDS-PAGE (Laemmli 1970) and auto-
radiography.

ODN synthesis and purification

ODNs were synthesized on an Applied Biosystems model 380A
DNA synthesizer with the phosphoramidite method. All ODNs
were purified by extraction with n-butanol (Sawadogo and Van
Dyke 1991), extracted once with phenol/chloroform and pre-
cipitated with ethanol. The purified ODNs were dissolved in
150 mM KCl at 1 µg/µl (1 A260 = 33 µg/ml).

RNA analysis and translation assays

RNA extractions were performed as described previously (Huarte
et al. 1987). Size analysis was performed by electrophoresis in
6% polyacrylamide-urea gels and autoradiography. For transla-
tion assays, cultured oocytes were collected in groups of five,
lysed in 0.25% Triton X-100 and 1 µg/µl bovine serum albumin,
and assayed by zymography (Huarte et al. 1985). For biosyn-
thetic labeling of proteins, primary oocytes were cultured in
modified Biggers medium (Paleos and Powers 1981) for 6 hr in
the presence of 200 µCi of Tran35S-label (1.079 Ci/mmole, ICN
Biomedicals, Inc) per milliliter. Oocyte extracts were subjected
to a 10% SDS-PAGE (Laemmli 1970) and autoradiography.

Poly(A) test

The length of the poly(A) tail of tPA mRNA was measured by
the poly(A) test (PAT) (Salles and Strickland 1995). Total RNA
was annealed with p(dT)12–18 in the presence of T4 DNA ligase;
an oligo(dT17)–anchor [58-CGAATTCTCGAGGATCCGTC-
GAC(T)17] was then added to the reaction. Reverse transcription
was followed by PCR amplification with a tPA 58-specific oli-
gonucleotide: 58-CCACACTCCTCAACTCTTGGGAC and
with an adaptor oligonucleotide: 58-CGAATTCTCGAGGATC-
CGTCGAC; the reaction was labeled with 5 µCi of [32P]dATP
(3000 Ci/mmole, Amersham). The amplification products were
electrophoresed on 6% denaturing polyacrylamide–urea gels.
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